The study of relays with the scope of energy-harvesting (EH) looks interesting as a means of enabling sustainable, wireless communication without the need to recharge or replace the battery driving the relays. However, reliability of such communication systems becomes an important design challenge when such relays scavenge energy from the information bearing RF signals received from the source, using the technique of simultaneous wireless information and power transfer (SWIPT). To this aim, this work studies bidirectional communication in a decode-and-forward (DF) relay assisted cooperative wireless network in presence of co-channel interference (CCI). In order to quantify the reliability of the bidirectional communication systems, a closed form expression for the outage probability of the system is derived for both power splitting (PS) and time switching (TS) mode of operation of the relay. Simulation results are used to validate the accuracy of our analytical results and illustrate the dependence of the outage probability on various system parameters, like PS factor, TS factor, and distance of the relay from both the users. Results of performance comparison between PS relaying (PSR) and TS relaying (TSR) schemes are also presented. Besides, simulation results are also used to illustrate the spectral-efficiency and the energy-efficiency of the proposed system. The results show that, both in terms of spectralefficiency and the energy-efficiency, the two-way communication system in presence of moderate CCI power, performs better than the similar system without CCI. Additionally, it is also found that PSR is superior to TSR protocol in terms of peak energy-efficiency. 
INTRODUCTION
Recently, relay assisted communication enjoys extensive popularity in wireless networks in view of its ability to improve network performance in terms of improving its throughput, reliability, coverage, energy-efficiency, interference mitigation etc. However, relay nodes are mostly battery driven. It may not always be feasible to drive the relays by grid power or recharge their batteries whenever necessary. This poses a serious challenge in wireless information and power transfer (SWIPT) [6] , [7] . While the former refers to the process of RF-EH from base station in downlink to power the uplink information transfer by the corresponding wireless device, the latter describes a technique for RF-EH from the RF signal originally meant for information transfer. In this paper, we focus on the latter one.
Two different receiver architectures are proposed for SWIPT; power-splitting (PS) and time-switching (TS) [6] . In PS protocol, receiver is capable to split the received power from the RF signal into two parts: one to scavenge energy and the remaining part to process information. In TS scheme, in each transmission frame, EH and information decoding (ID) are performed in two adjacent and non-overlapping time slots.
RF-EH has an important role in cooperative relay network. Based on the energy causality constraint, the usable energy of relay cannot exceed the energy harvested by it. This imposes major limitations on the system performance at the end-to-end link. So, the efficient usage of RF-EH relay in various forms of cooperative wireless networks is studied in [8] [9] [10] [11] [12] [13] [14] [15] [16] , [19] . Performances of these networks are evaluated in terms of outage probability and throughput in both one-way [8] [9] [10] [11] [12] and two-way [13] [14] [15] communications. In [8] , amplify-and-forward (AF) relay assisted and in [9] , decode-and-forward (DF) relay assisted PS relaying (PSR) and TS relaying (TSR) schemes are studied for delay-limited and delay-tolerant traffic, respectively. The authors of [8] report that TSR performs better than PSR in terms of throughput at low signal-tonoise ratio (SNR) and high transmission rate in AF system. On the other hand, the performance of PSR is better than TSR in DF system for a wide range of SNR [9] . Sanjay et al. [10] analyse an AF relay assisted model using TSR scheme to show the impact of relay placement in cognitive radio network. The work in [11] makes a comparative study between AF and DF relays, in terms of outage probability in PS protocol architecture. Furthermore, the performance of both PSR and TSR schemes in two-hop relay-assisted multi-input multi-output (MIMO) system are analyzed in nakagami fading channel [12] .
To enhance the spectrum efficiency, two-way communication using relaying scheme is more useful than two parallel one-way communication. The relay placement is one of the important aspect of research in two-way communication for harvesting an useful amount of energy from both of the users [15] . Two-way communications using AF relay assisted architecture is discussed in [13] , [15] . In [13] , finite expressions of outage probability and ergodic capacity are presented for PSR scheme. In [14] , a closed form of outage probability is established in DF relay assisted two-way communication with PSR technique. On the other hand, power-time splitting based hybrid architecture in two-slot and three-slot relaying protocols are discussed in [15] . The work reports the system performance in terms of outage probability and throughput in delaylimited and delay-tolerant transmissions.
Some studies on resource optimization in RF-EH enabled one-way and two-way communications are also reported in [14] , [16] [17] . In [16] , outage minimization is done with respect to harvesting power using classical optimization technique. On the other hand, due to nonconvex nature of outage minimization problem in [14] , a meta heuristic approach like genetic algorithm (GA) base complex search technique is used to solve the optimization problem. Optimal policies of dynamic power splitting technique is proposed in [17] , based on the available and unknown channel state information (CSI) at the transmitter. In their work, maximization of ergodic capacity of information transmission is shown for a given harvesting energy constraint.
Interference is traditionally considered to be one of the major challenges in wireless communications due to its adversing effect on throughput. The impact of co-channel interference (CCI) in two-hop, multiple AF relay assisted system is studied in [18] to compare the optimum combining and maximal ratio combining performance. The presence of CCI in SWIPT enabled wireless communication is expected to have an intriguing impact on the system performance. On one hand, it can be considered as a useful source to scavenge additional energy through RF-EH technique, on the other hand, it acts as a deterrent to information decoding process at the receiver. This dual yet conflicting role of CCI is investigated in [19] . The authors report SWIPT enabled, single DF relay assisted one-way communications system's performance in terms of its outage probability and ergodic capacity for both PSR and TSR schemes. To the best of knowledge, the impact of CCI in two-way DF relay assisted network is not yet explored and this is the motivation of our current study.
In this paper, bi-directional DF relay assisted communication is considered for PSR (TSR) with frame structure consists of a three slots (four slots). The users (data and power transmission nodes) are driven by their individual unlimited energy resources, whereas due to lack of any steady energy resource, the relay node is harvesting energy only from the RF signals received from the users by means of SWIPT technique. The harvested energy is used to support data transfer between two users. Additionally, the presence of CCI is considered as a source of EH. A closed form expression of outage probability is derived for PSR and TSR schemes. Numerical results are used to compare the system performance between two relaying protocols of SWIPT. Further, their performance results are also compared with a similar network architecture without considering the presence of CCI. This would help to gain insight the relative contributions of CCI in such networks.
A list of symbols and their definitions are shown in Table I for better readability. Remaining part of this paper is organized as follows. System model is described in Section II. Outage analysis for the two way relaying protocol is presented in Section III and the performance evaluation is reported in Section IV. Finally, the paper is concluded in Section V. 
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SYSTEM MODEL AND PROTOCOL DESCRIPTION
This section describes the system model in the framework of PSR and TSR protocols.
System Model
System model considered in this work as illustrated in Figure 1 , consists of half-duplex, two-way, cooperative DF relaying system, where two users -U ser1 and U ser2 can communicate with each other through an The users are powered by conventional power resources which are assumed to be unlimited. However, the relay is assumed to be driven solely by the harvested energy from the received RF signals of the users, following the principle of SWIPT. The links between U ser k and EHR is considered to be Quasi-static fading to characterize all the independent channel coefficients, which are complex circularly symmetric Gaussian random variables and remain fixed over the interval of two way transmission time T. The channel coefficients of the links between U ser k to EHR and EHR to U ser k (k ∈ 1, 2) are represented by h k and g k , respectively. Additional impact of CCI is also considered due to inherent frequency reuse for efficient utilization of the spectrum resource. The link between interferer and EHR is assumed to be slow-fading [18] , so the channel gain βc remains constant during single time frame. Further, their individual distributions are described as
, where 0 is the mean value and Ω h k , Ωg k , Ω βc are the variances of channel coefficients h k , g k , βc, respectively. Following [18] , it is assumed that the necessary channel state information (CSI) is available for the given system model in CCI environment. The signal received at EHR from U ser k can be expressed as
where, the symbols P T k , ν and d k are represented as the transmission power, path loss exponent and the distance between U ser k to EHR, respectively.
PS relaying scheme
The bi-directional communication process takes place on a frame-by-frame basis. Duration of any such frame is considered T , splits into three time slots : T 4 , T 4 and T 2 as shown in Figure 2 . During the first two slots, U ser1 and U ser2 send their individual information to EHR in their corresponding slots, where total received power from each user is split into two parts using PS protocol. The splitting ratio of the received power Pr k is α k :(1 − α k ), where 0 < α k < 1. First part of received power α k Pr k is used for information decoding and the rest (1 − α k )P r,k is used for EH. Finally in Slot 3, after successful information decoding from the messages of both the users, EHR reencodes them and broadcasts signals to U ser1 and U ser2. In this stage of encoding, EHR applies the digital network coding (NC) (like, XOR operation) to mix the received information of U ser1 and U ser2. Finally, U ser1 and U ser2 can decode the desired information from the mixed information using the standard principle followed in NCbased relaying protocol [20] .
TS Relaying scheme
Similar to PS in the section 2.2, the bidirectional communication is held on a frame-by-frame basis. As shown in Figure 3 , total frame duration T is split into
and T 2 ; where ρ1, ρ2 are time splitting factors and 0 < ρ1 + ρ2 <1.
During the first slot of time frame (1 − ρ1 − ρ2) T 2 , EHR harvests energy from U ser1 and U ser2. In the second slot ρ1 T 2 , U ser1 transmits its information to EHR. Similar task is performed by U ser2 in the third slot ρ2 T 2 . Similar to PS protocol, in the final slot T 2 , after successful information decoding from the message of U ser k , EHR broadcasts a signal to U ser1 and U ser2. After reception, U ser1 and U ser2 decode the desired information from the mixed information as mentioned in 2.2.
OUTAGE ANALYSIS
This section desires mathematical expressions of outage probability for PSR and TSR scheme one after another.
Outage analysis of PSR
The received signal at EHR, used to decode the information in k th slot, is given by
where, s
P S k
represents the signal of U ser k (k ∈ 1, 2) with zero mean and variance E[|s
indicates the signal from the interferer with zero mean and E[|s P S j | 2 ]=1; p and dj represent CCI power and distance between interferer and EHR, respectively; nr,at k and nr,sc are used to indicate received antenna noise and RF to baseband signal conversion noise, respectively. In both the cases, noise is assumed to be additive white Gaussian noise (AWGN) with average power of σ 2 r,at k and σ 2 r,sc , respectively. Accordingly, the data rate of the link from U ser k to EHR can be expressed as
It is considered that RF energy circuit of the given system is incapable of harvesting energy from noise signal. Here, noise power of the signal available to the relay for decoding the information from U ser k is assumed σ 2 k,r . Now the energy harvested at EHR from the transmissions in corresponding slots (in Figure 2) can be expressed as
where, 0 < η ≤ 1 defines the energy conversion efficiency, the value of which depends on the harvesting circuitry. Based on the first two slots of transmission, harvested energy at EHR can be obtained as DOI: 10.1002/ett Prepared using ettauth.cls slot-3, this harvested energy is used to broadcast the coded information from EHR to the users. The received signal at destination node U ser k can be written as
where, s P S is the coded version of s P S 1 and s P S 2 ; n s,k indicates AWGN between the path EHR to U ser k with an average power of σ 2 s,k and ns,c k indicates the RF to baseband signal conversion noise with variance of σ 2 s,c k . Assuming EHR broadcasts using power P P S r , during T/2 interval, P P S r can be expressed as follows
where, a =
As seen from (6), this harvesting power is a random variable, which is a linear weighted sum of three independent exponential functions. Hence, its pdf is expressed as follows [21] :
where,
The received data rate at U ser k from EHR can be given as
where, σ
. Due to the usage of digital NC, broadcast data rate is bounded by the performance of the weaken channel between g1 and g2, so real data rate of transmission in third slot is
where, L = min
. The complementary cumulative distribution function (CCDF) of L can be written as FL(l) = e
As seen from Figure 1 . this SWIPT-enabled NC based two-way EHR transmission network has three different transmission links, i.e., transmission between the links U ser1 to EHR, U ser2 to EHR and broadcast link of EHR. An outage is defined as the failure of any one of these links. Thus it is equivalent to complement of the event when transmission over all of these links meet their individual target rates. Hence, outage can be given as [23] 
where, R1 is the target rate of transmission in all the three different links. Now, using (3), the outage probability between U ser k to EHR is defined as follows,
where, u
indicates the received SNR at relay from the transmission of U ser k , while I
to noise ratio due to the CCI. Clearly, the distribution of γ P S h k is exponential in nature and it's probability density function (PDF) is given as
The distribution of I P S R k is also exponential in nature and it's probability density function (PDF) is given as
where, γ
symbols Ω h k and Ω βc are the parameters of random variables h k and βc, respectively. Now (11) can be rewritten as Appendix A provides the detail derivation of P P S out,U k R . On the other hand, using (9) outage probability between EHR to U ser k is
where, u b = 2 (2R 1 ) − 1, X and L are given in (6) and (9), respectively. Now using (6) and (7), P r[R P S bcrs ≥ R1] can be expressed as follows,
where, bo = (d and it is defined as [24] ,
Outage analysis of TS Relaying scheme
In TSR, the received signal at EHR from U ser k to decode the information of (k + 1) th slot is given by
where, s T S k represents the signal of U ser k (k ∈ 1, 2) with zero mean and variance E[|s
indicates the signal from the interferer with zero mean and E[|s
. Similar to (3), the received data rate from U ser k to EHR can be expressed as
Applying TSR scheme, energy harvested at EHR from the transmissions of U ser1 and U ser2 can be expressed as
The total energy harvested at the EHR can be obtained as
k,r . This harvesting energy is used to broadcast the coded information of EHR to U ser k . Similar to (5), the received signal at destination node U ser k can be written as
where, s T S is the coded version of s
T S 1
and s
T S
2 . Transmission power (P T S r ) of EHR in fourth slot can be expressed as
Received data rate at U ser k from EHR can be given as
Similar to the argument mentioned in (9) , the data rate in third slot is expressed as (24) where, L = min 
Similar to (10), the total outage probability can be written as
(25) Now, using (19) , Outage probability between U ser k to EHR is
where, u (12) and (13), respectively; where, γ
Similar to (14) , now (26) can be rewritten as
Outage probability between EHR to U ser k using (25) is expressed as
Similar to (16) , P r[R T S bcrs ≥ R1] can be written as
where 
Spectrum Efficiency and Energy Efficiency
Results of the outage analysis is used to evaluate spectrumefficiency (or throughput) and energy-efficiency of the proposed system in presence of CCI and performance comparison is done over the similar system without CCI. These two metrics can be defined as follows :
Evaluation of the performance of proposed system using these metrics is discussed in the next section.
SIMULATION RESULTS
In this section, first we present the performance results of simulation study to validate our analytical results derived in the previous section. Further, the results are also shown to illustrate the variation in system outage probability 8 for the bidirectional communication with the key system parameters; (i) power splitting ratio, (ii) time switching factors and (iii) transmitted signal power. Here, normalized transmitted signal power is considered as the ratio of transmitted power to noise power. Due to low noise power, the value of this normalized transmitted signal power in dB is very high. Performance of PSR and TSR schemes are compared with that of a similar system without CCI [14] . Results of comparative system model without CCI is generated considering PSR scheme with three equal time slot durations. Values of necessary system parameters are listed in Table II . Additionally, the distance between two users is considered as 14 m. Figure 4 .a. depicts the system outage performance versus power splitting factor (α), assuming only PSR based SWIPT operation in the system. It is clearly seen that the theoretical result shown in (17) , closely matches with the simulation results. The outage performance is very poor when α is very high, almost close to 1 and the outage probability decreases with decrease in the value of α. This may be explained as follows: as α increases, more power is allocated for user information transmission and less power is used for energy harvesting, following (3) and (4). Due to this insufficient harvesting energy, relay broadcasting rate is more likely to fail to meet the target rate of information transmission. With the decrease in α, the system outage probability decreases till the optimal value of αopt is reached. When α = αopt = 0.14, the harvesting power at EHR is found to be sufficient. Thus the achievable rate of the broadcast link; more likely satisfies the target rate of information transmission. For 0 < α < αopt, inadequate power allocation for information decoding in presence of noise (poor SNR), increases the system outage probability. shows the system's outage probability versus time switching factor (ρ), assuming only TSR based SWIPT operation in the system. When ρ is very small, the time allocation for information transmission is less and the time allocation for energy harvesting is more, following (19) and (20) . Due to this insufficient slot duration, the average achievable rate is poor (19) and thus it is more likely to fail to meet the target rate of transmission. This results in high outage of links from U ser k to EHR (k ∈ 1, 2), as shown in figure. With the increase in ρ value, the system outage probability decreases due to SNR improvement of the links from U ser k to EHR, following (19) , (27), (30) and reaches the minimum value at the optimal value of ρopt = 0.32. However, when ρ value exceeds the optimal value, inadequate harvesting energy fails to meet the target SNR of relay broadcast and effectively the system outage probability is gradually increased with the increasing value of ρ.
As CCI increases (from INR 10 dB to 20 dB) the outage performance of the system becomes worse. This may be observed both in Figure 4 .a. and 4.b. This is due to the fact that SNR of the links from U ser k to EHR (k ∈ 1, 2) become worse due to high interference power. As a result these two together make overall outage probability high. Figure 4 .c. displays the system outage performance vs normalized transmitted signal power for PSR and TSR schemes in presence of CCI to have a comparison with that of a similar system without CCI. Initially, the outage falls rapidly as the normalized transmitted signal power increases in the range of 54-65 dB (55-63 dB) for PSR (TSR) scheme. About 82% and 75% less power are required to achieve the outage probability 0.2 for PSR and TSR schemes, respectively in presence of CCI as compared to the system without CCI. Similarly, the amount of less power is observed as 82.5% and 76% for outage probability 0.01. The reason of this nature can be explained as follows: when transmitted power is less, low power allocation for information transmission as well as for energy harvesting could not satisfy the target rate of the links between U ser k (k ∈ 1, 2) and the EHR. With the increase in normalized transmitted signal power, SNR is improved and the outage probability drops. Figure 5 . illustrates the variation in the outage probability of both PSR and TSR, respectively, with respect to the distance of the EHR from user1. This figure shows the importance of relay placement on the To explain this nature, the variation of harvesting power in two-way relaying protocol is also shown in the same figure. When relay is placed closer to user, it can harvest more power for broadcast as compared to the relay placement at the middle of user1 and user2, as shown in figure. On the other hand, the product of two outage probabilities between the links U ser k (k ∈ 1, 2) and EHR are comparatively less when the EHR is placed closer to one of the users as compared to the relay position at the middle of user1 and user2, following (14) or, (27). About 22% improved outage is observed for the worst case performance at PSR as compared to TSR scheme. Figure 6 .a. presents the results of spectrum efficiency in PSR and TSR schemes for CCI = 10 dB and performance comparison is done with that of a similar system without CCI. The nature of this plot of spectrum efficiency is just opposite of the graphical plot of outage probability as shown in Figure 4 .c. The rapid enhancement of spectrum efficiency is observed in the range of 52-61 dB and 54-60 dB normalized signal power for PSR and TSR schemes, respectively. As the normalized signal power increases beyond the critical value (75 dB is observed), the improvement of spectrum efficiency is negligible as compared to the two-way relaying scheme without CCI. About 86% and 80% less power are required to achieve the spectrum efficiency 0.2 bps/Hz for PSR and TSR schemes, respectively in presence of CCI as compared to the system without CCI. Similarly, the amount of less power is observed as 95% and 93% to achieve the spectrum efficiency 0.5 bps/Hz. Figure 6 .b. depicts the energy efficiency in PSR and TSR schemes with CCI and performance comparison is done with that of a similar system without CCI. As seen from the figure, if the transmitted power increases the energy efficiency also increases accordingly. This is due to the fact that the transmitted signal power increases till an optimal value (55.3 dB for PSR and 57 dB for TSR), the non-linear change of the spectrum efficiency is more as compared to the linear change of signal power which increases the energy efficiency. Since the harvested energy proportionally increases with the transmitted power, this harvesting energy can improve the relaying ability in broadcast phase. Eventually, outage probability drops for increasing value of the transmitted signal power till the optimal value. Effectively, the spectrum efficiency increases due to better outage performance and the energy efficiency improves. The energy efficiency reaches its peak at an optimal value of signal power. Further if the signal power increases beyond the optimal value, the change in the spectrum efficiency value is less than the change in signal power which decreases the energy efficiency. PSR (TSR) scheme is about 87% (81%) more energy efficient as compared to the system without CCI in twoway communication.
CONCLUSIONS
In this paper, an analytical study of outage performance is carried out for two-way communication in a SWIPT enabled DF relay assisted network in presence of CCI. Closed form expressions of outage probability are derived for both PSR and TSR schemes in terms of system parameters like relay positioning, time switching factor, power splitting factor. Simulation results highlight the closeness to the analytical results. It is shown that in terms of outage probability, spectrum and energy efficiency, twoway RF-EH in presence of CCI is found to be more efficient than the system operates without CCI. The present system model may be extended as a outage minimization problem on multiple antenna cognitive radio network in fully energy causality system with an interference constraint.
APPENDIX
Derivation of P P S out,U k R This appendix provides the detailed derivation of P P S out,U k R for PSR scheme. The P T S out,U k R for TSR scheme follows the same procedure as provided below. 
